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Optical System Design for the Laser Printing System, by John R. Lewis and Laurence M. 

Hubby, Jr. The goal was to optimize printing speed and resolution consistent with economy 
ot production, data rate, and process parameters. 

Laser Printer Optics Control and Diagnostic Circuit, by Gary L. Holland This system 
drives the laser-beam modulator and checks the optics module. 

A Synchronous Mirror-Motor Drive for the Laser Printer, by Gary L. Holland The scan- 
ning mirror sweeps the laser beam across the page. This circuit keeps it turning at constant 
speed. 

Laser Printer Machine Control System, by James D. Crumly and Von L Hansen This 
microprocessor system controls everything in the laser printer except data formatting. 

Sensing Paper Jams, by Gary L. Holland If the paper drive motor is going too fast or too 
slowly, the paper may have jammed or torn 

Solid-State Microwave Signal Generators for Today's Exacting Requirements, by 

Donald R. Chambers and Steven N. Sanders They have excellent spectral purity, high 
accuracy, versatile modulation capabilities, and powerful self -test features. 

High-Performance Wideband Cavity-Tuned Solid-State Oscillators, by Edward G. Cristal, 
Arthur N. Woo, Phillip G. Foster, and Ronald F. Stiglich These novel designs use a pair of 
oscillator circuits coupled into a single high-accuracy tunable cavity. 

A Wide-Dynamic Range Pulse Leveling Scheme, by James F. Catlin This design 
provides leveled output power over a range of 145 dB for both CW signals and pulses as 
narrow as 100 nanoseconds. 

Microwave Solid-State Amplifiers and Modulators for Broadband Signal Generators, by 

Kim Potter Kihlstrom Basic hybrid microcircuit designs are customized for each of four 
signal generator models. 

In this Issue: 

PUPT How do you replace an act that's been playing tor twenty years and is still drawing plenty of 

customers? Engineers at HP's Stanford Park Division had to find the answer when they set 
out to design replacements for HP's long-lived line of klystron signal generators. These 
generators are much prized by customers who need tunable sources of pure stable mi- 
crowave frequencies In each generator is a klystron oscillator tube, its frequency of oscilla- 
tion determined by a mechanically tuned microwave cavity (a metal-enclosed space of 
controlled size and shape). The cavity-klystron combination is hard to beat for spectral purity, 
but it makes for a big, unwieldy package, and just about any twenty-year-old design 
can be improved by applying the latest technology. The engineers kept the cavity tuning, replaced the klystrons 
with transistors, added a microprocessor, applied up-to-date circuit design techniques and some novel ideas, 
implemented many critical circuits as state-of-the-art microcircuits, and gave us the new 8683A'B and 8684A/B 
Microwave Signal Generators. The project took a long time because it wasn't easy to match that klystron spectral 
purity, but the new generators do match it and surpass the old generators in every other performance area. You'll 
find an overview of the new generators on page 1 6, a description of the cavity-tuned oscillators on page 20. and 
other design articles on pages 26 and 30. Our cover photograph this month shows the disassembled cavity and 
tuning mechanism in front of the 8684B Signal Generator. The cavity mechanism lives behind the knob on the left 
side of the front panel. 

Pages 3 through 1 5 of this issue complete our coverage of the 2680 Laser Printing System . Last month' s issue 
was entirely devoted to this versatile, cost-effective computer output printer. This month you can read about the 
optical system that guides the laser beam on its path from the laser to the photoconductive drum, and about the 
machine control system, the microprocessor-based electronic subsystem that monitors and controls the printer. 

In this year's January issue we enclosed a reader opinion questionnaire. Our computer has now digested the 
returns and is beginning to give us data that will help shape the future of the Hewlett-Packard Journal. 
Worldwide, about 4% of our readers returned the questionnaire. Many enclosed notes and letters We were 
pleased to find that 49% of our readers have been with us more than five years and 53% file the Journal for 
reference. To those who shared their opinions with us, our sincere thanks. 

-R P Dolan 
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Optical System Design for the Laser 
Printing System 

Here are the details of the optical system of the 2680 Laser 
Printing System described in these pages last month. 

by John R. Lewis and Laurence M. Hubby. Jr. 



THE OPTICAL SYSTEM of the 2680 Laser Printing 
System is designed to provide the highest resolution 
and printing speed possible consistent with reason- 
able economy of production, the data rate capability of the 
digital electronics, and the properties of the electro- 
photographic process. A variety of factors influenced the 
choice of each component and the configuration chosen for 
each portion of the design. 

In ihe optical system, light from a laser source is shaped 
into a spot of the desired diameter at the photoconductor 
drum by the scan lens. Action of the scanner produces a line 
scan across the drum, forming the horizontal portion of a 
high-resolution raster scan. The rotation of the drum pro- 
vides Ihe vertical scan. A stream of information is im- 
pressed upon the light beam by the modulator in response 
to commands from the character processor. 

The scanning system is required to produce a spot of 
accurate size that yields the required developed dot diame- 
ter. The length of the scan line produced must be sufficient 
to cover the desired copy size (European A4 paper, 
210x297 mm), and thus a number of resolvable spots equal 
to the ratio of these two quantities is required. Laser power 
should be sufficient to allow copy to be produced as fast as 
permitted by either the electrophotographic process or the 
rateat which data can he written, whichever is more restric- 
tive, and the capabilities of the scanner and modulator must 
be consistent with this speed. 

Laser and Process Characteristics 

A helium-neon laser was chosen for several reasons. 
First, the demonstrated maintenance-free life of hard- 
sealed helium-neon lasers (20.000 hours) is three to ten 
times longer than that of any of the other candidates, while 
its initial cost is of the order often times lower. Second, the 
size and power consumption of these units are modest, 
particularly compared to devices such as ion lasers. 
Third, the wavefront quality produced by the device is 
excellent, and fourth, the photoconductor sensitivity at the 
HeNe emission wavelength ((333 nm) is good. 

The dot placement resolution used in the 2080A is 141 
l&m. corresponding to an optical dot size of about 125 ^m, 
and the exposure required is about 1.5 microjoules per 
square centimetre, corresponding to an optical energy 
required for each dot ol 1.85 X10~ 4 n\. A five-milliwatt 
laser is used, allowing dots to be written at a rate given by: 

Rate = (5 < III' /x\ s| (1 .85 * 10 * fi\ dot) 
= 2.71 x 10 7 dots/s 



The actual writing rate cannot be this high because the 
optical system has an overall transmission of about 35%. 
and a safety margin of roughly another lactor of 1 .5 must be 
allowed to account for the decrease in the laser's power over 
its useful life. The required dot rate is thus something less 
than 6xi0 6 dotssecond. corresponding to a data rate of 
about 0.75 megabytes second. The five-milliwatt laser is 
quite adequate for these numbers. This is fortunate because 
the price and physical size of helium-neon lasers increase 
dramatically as the output power exceeds five milliwatts. 

The helium-neon laser requires an external modulator for 
such data rates, and devices operating on two different 
principles weregiven consideration: acoustoopticand elec- 
trooptic. The data rates required are a problem for neither. 
However, the acoustooptic modulator is free from thermal 
drift effects which cause the electrooptic device to require 
periodic readjustment, is more compact and cheaper, will 
work with unpolarized light without causing additional 
loss, and does not require high-voltage components in its 
driver. It was therefore the obvious choice. 
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Fig. 1 . (a) Poslobieclive scanning (t>) Preob/eclive scanning 
The 2680A Laser Printer uses (a). 
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Scanning Method 

The scanning system consists of two major parts, the scan 
objective lens and thescanner. Theorder in which the beam 
encounters these two components as it progresses toward 
the final image plane forms the basis for the usual classifica- 
tion of scanning systems as either postobjectiveor preobjec- 
tive. Postobjective scanning is shown in Fig. la. and is 
attractive because only a very simple scan lens is required 
(frequently just a single element). The arrangement lias the 
disadvantage, however, of producing a curved focal sur- 
face. Preobjective scanning, shown in Fig. lb. requires a 
much more complex scan lens, but this complexity can then 
be exploited to produce not only a flat focal plane, but one 
corrected for angular distortions as well. The major factors 
that determine which configuration must be used are the 
system resolution and overall size constraints. As shown in 
Fig. 2a, a laser beam near focus remains nearly constant in 
diameter for a finite distance, called the depth ol Held, and 
this distance increases as the square of the f-number of the 
lens that produces the focus, Since the size of the focused 
spot also depends upon this same quantity, the lens 
f-number and hence the depth of field are determined by 
resolution requirements and the wavelength ol the laser light. 
If the resulting depth of field is large enough and/or the scan- 
ning system can be located sufficiently far from the scan 
plane, a curved focal surface can be tolerated, as shown in 
Fig. 2b. and postobjective scanning may be used. In thecase 
of the 2680A. the required spot size is 125 /im and the laser 
wavelength is 0.6;) 28 fj,m. Thus: 
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Fig. 2. If the depth ol Held ol the focused laser beam is 
sufficient, a curved focal surface can be tolerated 
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scan lens f-number = (125 pm)l\ 1.64 *0.6328 urn) 
= 120 

Therefore: 

depth of field « (4x0.6328 |xm)xi20 2 
= 36.4 mm 

Using the geometry of Fig, 2b and allowing a factor of 
roughly two for tolerance buildup in the remainder of the 
system, we could then place the scanning system about 850 
mm from the photoconductor drum, corresponding to a 
scan half-angle of about 10 degrees. The difference between 
x and tan(x] at this angle is only is only about 1%. and thus 
theangulardistortion shown in Fig. la would besosmall as 
to need no correction or only very slight correction. These 
are reasonable numbers, and such a basic layout was chosen 
for the 2680A scanning system. 

The specifications the scanner must meet have by now 
been fairly well defined, either directly or indirectly. 
The scanner must resolve a number of spots given by: 

number of spots = length of scan line * spot size 
= (289 mm)/(141 xio -3 mm) 
= 2048 spots 

within the aforementioned scan angle ot about 20 degrees. 
The lines must be scanned at a rate that corresponds to a 
maximum dot rate of about 6 x 10 6 dolss. Also, the scanning 
system has a finite duty cycle (fraction of time spent print- 
ing). Assuming a duty cycle of 46%. the line scan rate is 
approximately: 

line scan rate = (0.46)(6xio 6 dots/s)/(2048 dots/line] 
= 1350 lines/s 

The performance of scanners based upon Totaling poly- 
gonal mirrors, single mirrors attached to galvanometers, 
acoustooptic interactions, and the electrooptic effect in cer- 
tain crystals were considered in light of the above require- 
ments, and it quickly became obvious that only the first of 
these devices could achieve both the required resolution 
and scan rate comfortably at a reasonable cost. The electro- 
optic devices are not capable of enough spots. Acoustooptic 
deflectors have been reported with up to 10.0()0-spot capa- 
bility, but these devices are complex and expensive. Mir- 
rored galvanometers are capable ol enough spots, but can 
only achieve the required scan rate in resonant systems. 
This would require the scan velocity to vary sinusoidally. 
resulting in line-linearity and exposure-level variations 
that would be unacceptable unless the field were very sub- 
stantially overscanned. Since such overscanning would re- 
quire an unacceptable - low duty cycle, galvanometers were 
eliminated from consideration. 

Wobble Correction 

Rotating polygon scanners are not without their prob- 
lems, however. Primary among them is pyramid error in the 
orientation of the individual facets of the polygon. This 
type of defect causes the light reflected from successive 
facets to arrive at the scan plane at different locations in the 
direction perpendicular to that of the scan. Since successive 
facets correspond to successive scan lines on the drum. 

icontmiiea on nage 6) 



© Copr. 1949-1998 Hewlett-Packard Co. 



Laser Printer Optics Control and 
Diagnostic Circuit 



by Gary L. Holland 



Within ihe 2680A Laser Printer s optics casting rs the ootics 
control and diagnostic circuit, which performs trie following func- 
tions 

■ It dnves the acoustooo'.ic modulator with variable RF power to 
allow analog modulation ot the laser beam as well as on off 
control. 

■ It monitors the RF power driving the acoustoopiic modulator 

■ it monitors the laser power dellected onto the drum 

■ It provides a synchronization signal to align data correctly tor 
successive scans across the drum 

Acoustooptic Modulator Driver 

This section ot the circuit modulates an 80-MHz signal to the 
acoustooptic modulator (Fig 1) The machine control system 
(MCS) processor sets the laser power through a digilal-lo-analog 
converter (DAC) Intensity setting 00 corresponds to low RF 
power into the laser modulator and hence low laser power. In- 
creasing intensity values result m increasing RF power into the 
modulator This results m increased optical power up to the point 
when the laser modulator saturates, and then oplical power be- 
gins to fall off This saturation point vanes trorn modulator to 
modulator The on/off signal ViDeo enables the RF power when 
high and disables it when low The 80-MHz oscillator consists ol 
an ECL gate, a crystal, and tank and loading circuits The signal 
from this oscillator is modulated with a diode modulator The 
amount ol 80-MHz signal going through the modulalor is roughly 
proportional to the current drawn from the modulator by ihe pro- 
grammable current source, which is set by the machine control 
processor When video is low. a switchabie current source pro- 
vides current lo Ihe RF modulator and Ihe programmable current 
source and the RF modulator is reverse-biased so that no signal 
goes through the modulator When video is high, the switchabie 
current source is turned oil, and the programmable current 
source then sinks current out ol Ihe RF modulator, turning it on and 
allowing a preset amount ol 80-MHz power to go into the acous- 
tooptic modulator 

The output amplifier thai dnves the acoustooptic modulator is a 
hybrid amplifier Its output is monitored by a peak detector A 
fraction of the peak value is buffered and sent to the machine 
control system to mdicaie to the MCS the magnitude ol the 
RF power. 



Beam Detection and Laser Monitoring 

The beam-detect section (Fig. 2) monitors the first-order power 
ano detects when tne beam sweeps across the beam-detect 
diode Tne tirst-oroer power is the portion of the laser power 
deflected through the acoustooptic modulator when RF power is 
applied to >t by the modulator driver section The first-order power 
is monitored only as Ihe beam sweeps past the beam-detect 
diode An amplifier buffers the signal and a peak detector pro- 
duces a voltage proportional to the power into the beam-detect 
diode Tne peak voltage is called FiBST-oaDER power This signal 
is divided by 2 and compared with the buttered output trom the 
beam-detect diode When this output passes through its hall- 
peak points, a comparator switches and the driver sends this 
switched signal back to the data control system This signal is 
called beam DETECT and is the horizontal sync signal 

The machine control processor uses the FIRST-ORDER POWER 
signal to monitor the amount o' laser power going onto the drum. 
Tne MCS can then alter this power by altering Ihe amount of RF 
power sent to the acouslooptic modulator as explained above. 

Diagnostics 

The optics diagnostics are executed In the print mode once per 
drum revoluiion when the drum seam is In Iront ol the modulated 
beam The two parameters that are measured with the anaiog- 
to-digital convener and used tor lault detection are first ORDER 
POWER (FOP) and RF drive' output power (MOD PWR OUT) 

To prevent possible safety hazards, the RF output power going 
into Ihe acoustooptic modulator is monitored wilh the RF driver 
turned off This is monitored both in and out ol the print mode II 
any RF power is delected when the laser should be off, the laser 
power supply is disabled, the ac contactor is opened, and the 
-28-voli supply is disabled 

The following is a list ol all the possible optics failures in the 
order in which ihey are delected 1) RF driver stuck on, 2) RF 
driver failure. 3) scanner failure, 4) beam detect failure 5) scan- 
ner start failure Some ot the failures require ihe electrostatic loop 
polenlials to be oul of range before a failure is flagged if the loop 
is limited, a warning message is displayed In the service com- 
mand mode the warnings are flagged whether the loop is limited 
or not This applies to RFdnver tailures and beam-detect failures 
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Fig. 1. Acoustooptic modulator driver 



Fig. 2 Seam detection circuit. 
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printed copy produced with a scanner exhibiting this prob- 
lem contains periodic errors in the vertical placement of the 
dots that form the characters, a condition we call wobble. 
Controlling wobble by decreasing the residual pyramid 
error in the polygon during manufacture can be an expen- 
sive proposition, since the angular accuracy required is of 
the order ol one second of arc. Fortunately, an optical solu- 
tion to the wobble problem exists, as shown in Fig. 3. If the 
beam is brought to a focus in the direction perpendicular to 
that of the scan at the face of the polygon and then relocused 
to its original form after deflection, the vertical position of 
the beam at the scan plane will be independent of pyramid 
error in the polygon, and hence the final print will exhibit 
no wobble. The lenses involved must, of course, be suffi- 
ciently well corrected to maintain the required final spot 
size as well as the action just described over the range of 
motion of the scanner. This is not a trivial requirement for 
the lens that follows the scanner, particularly if preobjec- 
tive scanning is used and this lens must form the final spot 
in the scan direction as well. As shown in Fig. 4. the natural 
form for this lens is toroidal, essentially that of a cylinder 
lens bent into an arc so as to be equidistant from the polygon 
face at all points in the scan. Such lenses can be built, either 
with conventional glassworking or plastic injection mold- 
ing techniques. However, (he accuracy necessary to achieve 
good performance is difficult and therefore expensive to 
maintain, 

A viable solution from a cost standpoint would be to use a 
simple cylinder lens following the scanner, and if the scan 
angle could be held to small enough values, this would he 
acceptable optically as well. Unfortunately, the scan half- 
angle would have to be reduced to less than three degrees, 
which would increase both the scanner-to-scan-plane dis- 
tance and the polygon size to unreasonable values. The 
solution developed for use in the 26H0A is shown in Fig. 5. 
Two additional lenses, which use only spherical sur- 
faces and form essentially a unity-magnification Galilean 
telescope, surround the simple cylinder lens and create a 
region in which the scan is angularly compressed. An alter- 
native description is that the apparent source of the light 
that passes through the cylinder lens is now a distant image 
of the active polygon facet produced by the first additional 
lens. The second spherical lens then reimages the scanner 
to the original apparent distance from the scan plane. The 
result is that the maximum angle at which the beam must 
pass through the cylinder lens is sufficiently reduced that 
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Fig. 4. Toroidal lens form lor wobble correction. 

satisfactory optical performance is maintained over the en- 
tire length of the scan, and yet the system is simpler and less 
costly than it would be if preobjective scanning were used. 
The system has the additional benefit of naturally tending 
to flatten the focal surface, since the beam passes through a 
greater thickness of glass at the extremes of the scan than it 
does in the center. The final design of the 2680A scanning 
system produces an almost completely flat focal surface, 
making the entire depth of field available to compensate for 
tolerance buildup elsewhere in the system. 

2680A Optical System 

The complete 26H0A optical system, shown in Fig. 6. 
contains a few other components whose functions are 
perhaps best explained by following the beam through the 
system. Light leaving the laser first encounters a lens which 
produces a spot of appropriate size in the modulator crystal 
to obtain the optimum compromise between speed and 
efficiency in this device. The modulator, in effect, turns the 
beam on by deflecting it through a negative lens whose 
purpose is to expand the beam in a reasonable distance to 
the diameter required by the combination of the scan lens 
f-numberand working distance. The beam next encounters 
the single-element scan lens, which causes it to converge 
toward a focus at roughly the drum location. A short dis- 
tance farther along the path is the first wobble-correcting 
cvlinder lens, which focuses the beam to a line focus in the 
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Fig. 3. Wobble correction 



Fig. 5. The 2680A Laser Printer uses a three-element lens lor 
wobble correction 
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Fig. 6. 2680A Laser Printer optical system 

plane of the page on the active facet of the polygon. The 
polygon has 18 sides, giving a total scan angle of 40 degrees, 
about half of which is used lor writing. The remainder 
allows time for the apexes of the polygon to pass through 
the beam and a beginning-of-scan sync mark to be detected. 
The polygon measures 60 mm between opposite faces and 
turns at 4500 r'min. Alter reflecting from the polygon, the 
beam passes through the set of three lenses described 
above— spherical, cylindrical, and spherical — which com- 
plete the wobble correction. This group is placed a distance 
from the polygon that yields a slightly elliptical final spot 
whose minor axis is aligned with the direct ion of scan. This 
helps obtain a round printed dot because it partially com- 
pensates for the blurring effect of the motion of the beam 
during exposure. After the final lens group, the beam is 
reflected through 90 degrees by a long lurning mirror and 
passed through a window out of the optics assembly toward 
the photoconductor drum. A mirror intercepts the beam 
shortly before it reaches the beginning of each scan lineand 
reflects it to a photodetector which generates the scan sync 
signal, 

Mechanical Design Considerations 

The optics assembly is designed to be a field-replaceable 
module with no adjustments required. This means that the 
alignment between the optics assembly and the rest of the 
printing process is critical and must bo as free as possible 
from product assembly errors or tolerance buildup. The 
mounting details for the optics module are on the process 
module, and the resulting assembly is suspended from the 
main machine frame in such a way as to be relatively inde- 
pendent of gross frame errors. 



The requirements of optical alignment between modules 
do impose special requirements on the machine structure. If 
special installation leveling and adjustments are to be 
avoided, the frame must be stiff enough to hold the required 
alignment geometry over the full range of weight distribu- 
tion between casters or levelers. This requirement was met 
with a welded box tube base and a welded steel channel 
frame. This design holds the required optical alignments 
even if one of the front casters is completely off the ground 
This means that no special installation alignment is re- 
quired, although it is recommended that the levelers be 
nearly evenly loaded for best results. 

The process module is a very dirty environment with 
loose, statically charged, black toner dust and paper dust, 
and blowing, rubbing, and throwing mechanisms to distri- 
bute it all over. To protect the optics from this environment, 
and to protect the operator and service person from the laser 
beam, a conduit contains the output beam between the 
optics module and the point in the printing process where 
the light is used. A window on the optics module keeps air 
flows and contaminants from the interior of the module, 
and a small blower draws in filtered air to keep the conduit 
at a positive pressure with respect to the sources of con- 
tamination. This system also reduces contamination on 
other critical process components. 

Layout and Folding 

The long-focal-length lenses used in the optics result in a 
path length of 2.3 metres from the end of the laser to the spot 
on the drum. The scanning mirror and two other mirrors 
told this optical path into a reasonable-size package :J6H by 
712 by 72 mm. Vertical placement of the packagealong one 
side of the machine uses the interior space of the machine 
efficiently. 

Since the system uses long focal-length lenses, it is rela- 
tively tolerant of errors in element placement along the 
optic axis. As a result, it was possible to eliminate all lens 
adjustments in the direct ion of the optic axis. This approach 
requires more care in lens fabrication and location, but 
results in fewer parts, more reliability, faster assembly, and 
simpler alignment. Each lens is located by fixed details in a 
machined housing. Only the folding mirrors and the mod- 
ulator Hragg angle" are adjustable. 

The long focal length of the lenses and the resulting long 
path are disadvantages in that they increase the sensitivity 
ol the assembly to torsional deflections. A sand casting was 
chosen to form the base of the module because of its relative 
stability and stiffness. liven with a rigid casting as the 
reference for the assembly, it is important to avoid any 
torsional loading on the module. Asa result, the attachment 
to the rest of the machine uses just three mounts so that 
distortions of the rest of the machine tend only to mislocate 
the housing and not to twist it. 

Lens and Laser Mounts 

The first four lenses and the laser are held against the 
sides and bottoms of machined slots in the casting with 
simple leal springs (Fig. 7). These lenses are thick and have 
well specified mechanical-to-optical tolerances so they can 

•Bt.iiji; an\fe .1 a Oiafatle"Hic ano* at 4JM ••>* i»1ecl Horn Warm « 4IO"» « • 
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A Synchronous Mirror-Motor Drive 
for the Laser Printer 

by Gary L. Holland 



In the optics assembly ol the HP 2680A Laser Printer, a motor 
spins the polygon mirror to sweep the laser beam across the 
page The scanner motor is driven at a constant angular velocity 
of 75 revolutions per second. 

The armature of the motor is the stator and the field is supplied 
by a permanent magnet in the rotor By sequentially energizing 
the coils m order of phase number, a rotating magnetic field is 
created In the stator Under normal operating conditions, the 
magnet (the rotor) follows this magnetic field, lagging slightly 
behind it 

Two Hall-effect devices are an integral part of the motor. These 
give sinusoidal output voltages as the rotor turns, and are phased 
such that their waveforms are 90 degrees apart. Referring to Fig. 
1 . the scanner drive servo block diagram, the analog-to-TTL con- 
verters give logical one out puts, +5V, whenever the output of their 
corresponding Hall generators are in the positive hall cycle. 
Therefore, a positive zero crossing results in a positive TTL edge, 
ana a negative zero crossing results in a negative TTL edge. 
Under slowly rotating conditions, when one coil at a lime is ener- 
gized, a negative edge on Hall generator 1 (HG1) occurs when 
phase 1 is energized, a negative edge on HG2 for phase 2. a 
positive edge on HG1 for phase 3, and a positive edge on HG2 for 
phase 4. These edge definitions assume counterclockwise rota- 
tion. Fig, 2 shows these time relationships. The zero phase lag 
waveform for the Hall generators is the slowly rotating condition 
described above, and the waveforms below those show more 
typical running conditions, with the rotor lagging somewhat be- 
hind the stator field. 

Notice that the current waveforms through the windings labeled 
phase 1 through phase 4 are always in the same place m relation 
to the counter values listed at the top of Fig. 2, This is because the 
counter, located in the middle of Fig. 1 , is the device that defines 
where the current waveforms are in the cycle The output of the 



counter addresses the ROMs, which oulpul digital sine and 
cosine functions. This digital information is then converted to 
analog waveforms, which are processed to define currents 
through the coils of the motor as shown This is the basic drive 
system tor the motor. 
Jitter Compensation 

The circuitry already described is enough to drive the scanner 
motor A problem that remains is a low-frequency jitter which lakes 
about five minutes to damp out after startup. To damp this out taster, 
a compensation circuit uses Dhase information to move the poles of 
the system away from the imaginary axis of the s-plane This 
scheme uses a phase comparator to give a signal inversely propor- 
tional to the phase lag of the rolor This signal is ac-coupled into the 
compensator and conditioned It is then added to a dc level which 
sets the peak values of the scanner drive signals As the phase lag 
varies, the compensation signal acts to keep the lag constant 

Speed-Detection Circuitry 

Included in the speed-detection section are a counter, a latch, 
and gates to interrupt the machine control processor once every 
sixteen revolutions of the scanner motor With this information the 
processor can tell if the scanner is up to speed or if Ihere is a failure 
in the circuitry that drives this motor 

Under normal conditions, the 2.4-kHz clock is the input to the 
counter's clock input The counter outputs cycle though the ROM 
addresses, and the ROM data delines sine and cosine waves 
which cycle at 75 Hz This data is converted to analog waveforms 
which are multiplied by the output of a compensator and centered 
about zero volts. The splitter/current-driver circuit rectifies the 
cosine wave and drives phase 1 with current proportional to the 
resulting waveform Phase 2 is similarly derived from the sine 
wave, phase 3 from the inverse of the cosine wave, and phase 4 
from the inverse of the sine wave. 
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Fig. 1. Scanner drive servo block 
diagram. 
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Counter s Two Most Significant Bits 




Fig. 2. Scanner drive timing relationships 



Starling the Motor 

One cannot simply create a magnetic field rotating at 75 revolu- 
tions per second kl the stator and have the rotor follow along, 
because the rotor canno: start to move this ?ast Starting is ac- 
complished by beginning to cycle the magnetic field at 75 Hz, but 
stoopng the waveform to allow tne rotorto catch up four times per 
revolution. The four counts on which the waveform may oe 
stopped are 6. 14 22. ana 30. These are indicated in Fig. 2 if the 
counter is up to six and HGi sstiin there is a phase lag of nearly 90 
degrees between the stator field and the rotor field. In this case, the 
clock ts oisaoied untjl it falls to 0 and is then enabled again If HG2 is 
still 1 when count 14 comes along, the clock is disabled until it falls 
to 0, if HGi is still 0 when count 22 appears, the wave is stopped 
until it becomes 1 and if HG2 s still 0 when count 30 is encountered, 
the dock is disabled until it becomes 1 
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be referenced to the side surfaces instead of the optical 
faces. 

The last three lenses are held against machined details in 
the casting as well, but since these lenses are optically thin, 
they are held by their optical faces. Torsion springs provide 
pressure in the direction of the optic axis and allow a large 
tolerance in spring fabrication. A carrier holds the torsion 
springs for all three lenses, along with screws to cage the 
lenses. These screws are adjusted during assembly to 
eliminate clearance but not press on the lenses. The mount 
slides on a track machined into the casting to simplify 
assembly (Fig. 6"), 




Fig. 7. Leal springs hold the thicker lenses and the laser in 
machined slots 



Scanner Drive 

In addition to the optical parameters of the scanner, the 
physical dimensions of the scanning polygon affect the 
output print quality. The distance from the facet center to 
the rotational axis must be the same from facet to facet. Any 
variation in the facet-to-axis dimension shows up as a 
change in the velocity of the scan and causes printed lines 
to have a jagged edge on the side away from the synchroni- 
zation detector. 

The polygonal mirror is carefully machined of aluminum 
so the facet-lo-axis distance can be precisely specified, and 
the mounting detail on the drive motor is ground as the 
motor is rotating. These methods eliminate a multitude of 
costly tolerances. 

Mirror Mounts 

The folding mirrors in the system are adjustable in two 
axes to allow for some correction of component errors. The 
first folding mirror aims the input laser beam through the 
modulator and compensates for errors in the first lens and 
lens mount. The modulator is adjustable only in the very 
critical Bragg angle. The adjustments of the second folding 
mirror further correct the aim and location of the beam 
through the rest of the system. 

An auxiliary mirror is used to send a portion of the beam 
to a synchronization detector. This mirror is adjustable to 
allow precise setting of the location of the scan at the drum 
with respect to the external mounting details of the hous- 
ing. The exit mirror is supported on one fixed and two 
adjustable points so that the tilt of the exit beam may be 
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Fig. 8. Torsion springs hold the 
thinner lenses The springs are 
aoove the plate being held up m 
this photograph When the plate 
is in position, the lingers project- 
ing through the plate press the 
lenses forward (out of the page) 
against the posts that can be seen 
in the picture. The torsion springs 
can be seen from above in Fig 6 



adjusted in two directions. Thus the position of the beam at 
the writing surface is held precisely even in the presence of 
imperfect optical elements. 

Manufacturing and Testing 

Since the assembly of the optics module does not allow 
for adjustment uf the lens elements, the mechanical dimen- 
sions of the lenses are controlled tightly. This increases the 
lens costs only slightly and saves a great deal in the cost of 
mounts and individual element alignment. Each lens is 
carefully checked for mechanical centering, tilt, and 
wedge. 

A more difficult task is the control of the manufactured 
dimensions of the housing. This single sand casting is 
machined with a computer-controlled milling machine so 
that the large number of tightly controlled dimensions may 
be reproduced consistently. The number of surfaces and the 
tolerance levels involved required that even the prototype 
housings be fabricated on a numerically controlled mill. 

The tolerances required to produce the machined hous- 
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ing are beyond standard manufacturing practice, so a com- 
bination of tooling, manufacturing, and inspection im- 
provements were made for this part. 

A special operation before the main machining of the part 
is done to establish a flat, stress-free reference surface. A 
special setup procedure cuts nonfunctional details on the 
housing so that the tools may be adjusted according to their 
actual machining characteristics before cutting important 
details. This ensures that even the first parts in short man- 
ufacturing runs are usable. Each part is monitored after 
fabrication to return information to the machine operator 
about how each individual tool is cutting so that cutters 
may be adjusted or replaced before they produce parts that 
are out of specification. 
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CORRECTION 

In our June 1982 issue on ine 2680 Laser Printing Sysiem Fig 3on cage 7shows the 
lase* printer s ortotoconduclive drum rotating the wrortj way The arrow showing drum 
rotation should pant the other way 
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Laser Printer Machine Control System 



One of two electronic subsystems within the 2680A Laser 
Page Printer, the MCS monitors and controls the printing 
process. Its companion subsystem, the data control system 
or DCS, was described last month. 

by James D. Crumly and Von L. Hansen 



THE HUNTING MECHANISM of the HP Model 2680 
Laser Printing System is monitored and controlled 
by a microprocessor-based system called the 
machine control system (MCS). The MCS controls the print- 
ing process, paper movement, the operator interface, the 
electrophotographic process, diagnostics, and most other 
machine functions. Fig, 1 is a block diagram of the MCS. 

The MCS uses an HP-designed 16-bit microprocessor 
called the MC5. 1 This processor executes a machine control 
program residing in 32K words of UY-EPROM (ultraviolet- 
light-erasable programmable read-only memory |. There is a 
-JK-word static RAM (random-access memory) of which lK 
is nonvolatile. The nonvolatile RAM contains powerfail 
information and sellable constants for process control. The 
machine control processor interfaces with over 150 differ- 
ent control devices by means of an I/O bus. Each device 
resides at a unique I/O address and can be accessed by the 
microprocessor. 

Operating System 

The MCS uses a real-time, multitasking operating system 
to coordinate the control programs. It became apparent at 
the start of the project that an operating system was neces- 



sary because of the complexity of the control required. The 
control firmware is divided into independent control mod- 
ules called tasks. The MCS consists of over 100 tasks con- 
trolling the operator interface, paper movement, printing, 
and diagnostics. These independent tasks execute in 
apparent parallelism, sharing the single MC5 processor. 
Using a multiplexing scheme, each task executes for a short 
period of time in a priority queuing structure. 

The operating system handles all task-related bookkeep- 
ing and coordinates all tasks in the system, determining 
when a task executes. All tasks exist in one of four states: 
active, ready, waiting, and dormant. A task currently 
executing is in the active state. When an active task finishes 
its work it enters either a dormant stale or a wait state. A task 
entering the waiting state suspends execution temporarily 
with a request to be awakened after a specified lime delay. 
When the current active task finishes execution the 
highest-priority ready task becomes the next active task. 

Tasks communicate with the operating system by func- 
tion calls. These calls provided the means for tasks to 
change from one state to another. The SUSPEND function is 
used by an active task when it reaches a point where it must 
wait for an external event. The operating system then puts 
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Fig. 1. Machine control system ol 
the 26B0A Laser Printer controls 
drum rotation, paper movement, 
the operator interlace, print den- 
sity, diagnostics, and other 
lunctions 
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the active task in a wait state. The suspended task reawak- 
ens (enters the ready state) when the suspend time it 
specified has elapsed. An active task issues a SCHEDULE 
function when it wishes any other task to enter a wait state 
with a specified wait time. A DEACTIVATE function call 
issued by an active task causes a task to enter the dormant 
state. 

The operating system also provides an orderly process for 
sharing a resource among many tasks. An example of a 
shared resource is the analog-to-digital converter (ADC) 
used in the 2680A. An analog multiplexer on the input of 
the ADC provides input from many sources, and many tasks 
use the ADC. When a task wants to use a shared resource it 
issues a SYNCP function call. The calling task is then sus- 
pended and its request is queued for the shared resource. 
The shared resource processes that task's request after pro- 
cessing all the earlier requests in the queue. The requesting 
task is then reactivated and given the required information 
from the shared resource. 

To minimize operating system bookkeeping overhead, a 
linked list data structure is used. Tasks are linked with 
other tasks in the same state. Each task is represented by a 
block of memory called a task control block (TCB). which 
contains the information needed to specify' a task and its 
state (Fig. 2). When a task is scheduled its TCB is linked 
with other TCBs of the same delay time. 

There is a circular array of linked list pointers called list 
heads, with each pointer representing a certain time delay 
or time slot (Fig. 2). A time pointer points to the list head 
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Fig. 2. Machine control system operating system data 
structures 



representing the current time period. The list head points to 
the list of tasks ready to execute. At the beginning of each 
new time period, the operating system advances the time 
pointer to the next list head. All suspend times are mea- 
sured relative to the current time pointer. For example, if a 
task suspends for five time periods, the task's TCB is linked 
into the list five periods ahead. The maximum suspend time 
is therefore represented by the size of the circular array of 
list heads. 

Tasks pointed to by the time pointer are in the ready state 
and are waiting to execute in the current time period. Tasks 
are positioned in the linked list according to priority infor- 
mation contained in their TCBs. The highest-priority tasks 
are executed first. If a time period expires before all tasks in 
the ready stale are executed, the remaining tasks are merged 
into the next list. Low-priority tasks may be pushed back 
one time slot. 

Printing Control 

The printing process requires the MCS to perform precise 
control and timing of a number of machine processes and to 
synchronize the printing process with the data control sys- 
tem (DCS). See last month's issue lor a description of the 
DCS. A communication protocol is used by the MCS and the 
DCS to control the flow of pages through the printer. When 
the DCS has a page ready to print it signals the MCS to start 
the printing process. 

Before the printing process begins the machine must be 
conditioned for printing. This preconditioning involves 
such things as warming up the laser, turning on the vacuum 
system, and starting the laser scanner motor. The preheater 
is also warmed up and the stacker is positioned to its start- 
ing point. The drum is then rotated and its surface potential 
is adjusted for printing. 

Many events during printing require that certain actions 
be performed at specific drum positions. A drum control 
task synchronizes events with the rotating drum. 

There is 432 mm of usable print area on the503-mm drum 
surface. This is enough to print two standard S'/jxll-in 
pages on each drum rotation. The remaining 71 mm is used 
for electrophotographic process control and the drum seam. 
During printing, all pages must be within the432-min print 
area. When the DCS has a page to print, a page placement 
task monitors the drum position and determines when to 
start the page. When the drum is in the correct position, the 
V1CS signals the DCS to start passing data to the laser. 

The page placement task must also furnish information 
about page placement on the drum so that transfer of the 
print to the paper can take place at the correct time. The 
transfer station is approximately one-half drum rotation 
from the laser position. The transfer control task uses the 
page placement information to calculate when to start the 
transfer process. 

The transfer control task runs the process of transferring 
the image from the drum to the paper. This involves the 
precise control and timing of paper movement, the transfer 
corona, fusing, and output paper tensions. 

After a page is transferred to paper the MCS notifies the 
DCS that the page was successfully printed on the drum and 
transferred to paper. The DCS can then release that page 
from its memory. 
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Sensing Paper Jams 

by Gary L. Holland 



The 2680A Laser Printers paper drive mecnanrsm provides a 
means for monitoring paper speed and for delecting and terminat- 
ing abnormal paper motion The mechanism uses fewer compo- 
nents tnan methods previously used oy hign-speea printing de- 
vices its advantages include higher reliability, lower initial ex- 
pense, and simpler paper threading 

Fig. 1 is a block diagram of the elements of the paper control 
and detection system. The speed of the output motor is monitored 
by a tachometer which provides a signal proportional to the 
speed of the motor. This signal >s compared with reference volt- 
ages m the output motor drive circuit. II the output motor is revolv- 
ing at an abnormal speed, either a jam-slow detection signal or a 
jam-fast detection signal is generated A |am-siow detection sig- 
nal indicates a paper path obstruction, while a iam-fast detection 
signal indicates either that the paper has pulled out of the mpul 
tractors or the output pinwheeis. or that the paper has torn 

The machine control processor described in the accompany- 
ing article supplies a maximum-current signal to the maximum- 
current circuit This signal sets the magnitude of the current 
through the output drive motor under normal running conditions 
The speed-hmit circuit reduces this current to maintain the speed 
of the motor at a predetemined percentage of normal printing 
speed, typically 110 percent, when paper is ejected from the 
printer at the end of a box. The outputs of the maximum-current 
circuit and the speed-limit circuit are applied to an analog OR 
gate, which sets the motor-current drive signal to the lesser ot the 
maximum-current circuit output or the speed-limit circuit output 

Speed Limit Scheme 

When the paper offers no resistance to the output motor, the 
speed ol the motor tends to increase to an unacceptable level To 
prevent this, the speed ot the motor is monitored by the tachome- 
ter, and if it becomes too high, the speed-control circuit de- 
creases the current through the motor until a preset speed is 
maintained. This preset speed, at which the speed loop takes 
over is taster than normal print speed, but not so fast that in- 
adequate fusing results. 

In the speed-limit circuit, the output ol the tachometer is low- 
pass filtered to remove ripple and then compared to a preset 
level An error voltage is then input to a compensation circuit 
which makes the speed-control loop stable and gives it adequate 
response time. The output of this compensator pulls down the 
input to the final buffer amplifer to whatever level is needed to 
balance the power to the motor with the power required to keep 
the paper moving at a constant speed. 



Jam Detection 

The lam-deiection circuitry m the speed-limit circuit might more 
properly be called speed-mdication circuitry, smce the machine 
control processor must have more information than this circuitry 
gives to detect a paper jam The circuit simply compares the 
output of the low-pass-filtered tachometer signal with a low level to 
see if the output motor is stopped II rt is stopped, the iam-slow 
signal is asserted if the machine control processor knows that me 
paper should be moving and it sees this signal asserted, it knows 
that there is a jam condition The other jam signal, jam-fast, is 
asserted whenever the speed loop is pulling down the input lo the 
final buffer amplifier This tells the processor that the paper is not 
exerting the usual force on the output tractors, which usually 
means that the paper has pulled out of the input or output tractors 
or that 1 has torn In either case, printer operation is immediately 
stopped 
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Fig. 1. Paper /am sensing system block diagram 



Keyboard and Display 

The operator keyboard, the numeric keyboard, and the 
20-c.haracter alphanumeric display provide the operator 
and service engineer with a convenient interface to the 
printer. The operator keyboard is used to load paper, move 
the stacker, adjust print registration, eject paper, and print, 
the alphanumeric display assists the operator by providing 
information about the state ol the machine. The service 
engineer has access to diagnostic programs and trou- 
bleshooting information using the numeric keyboard and 
the display. 



Paper Movement System 

The paper movement system controls and monitors the 
movement of paper in the printer. This system consists of an 
input step motor, an output tension motor, a position en- 
coder, and a paper jam detection circuit. 

The input step motor controls the flow of paper through 
the machine. A relative-position encoder on the input 
motor shaft provides feedback to the MCS. This system is 
designed to keep the paper in registration with respect to 
print transfer and top of form. During printing the paper 
position is continually monitored and corrected if neces- 
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sary so that proper print registration is maintained. 

The output paper tension motor applies tension lo the 
paper. The tension value is adjusted according to the needs 
of various printing conditions. When paper is first started 
the tension is set to a high value to overcome the static 
friction of the paper. Alter the paper is started the tension is 
dropped to a medium value for printing. When the paper is 
stopped the tension is reduced to a low standby level. 

The output tension motor is also used to detect paper 
jams (see page 13). The motor contains a tachometer which 
indicates the tension motor speed. During printing the 
tachometer is monitored by the MCS to detect jams. If the 
output tension motor speed is not close to the normal paper 
movement speed then a possible paper jam condition 
exists. 

Stacker System 

The paper stacker system is designed to stack paper au- 
tomatically during printing and to be used manually by the 
operator when loading or removing paper. When the 
machine is not printing the operator can control the stack 
table using the stack up and down keys. During printing the 
stacker moves automatically, governed by a special al- 
gorithm, to compress the paper stack. 

Diagnostics 

The first and most important goal of the diagnostics is to 
minimize the troubleshooting required of the HP customer 
engineer (CE) when the unit fails, thereby decreasing the 
mean time to repair (MTTR). It was always foremost in our 
minds that this product is very complex and uses 
technologies that are new to HP's service force. Since elec- 
trophotography has its historical origins in office products 
and since the CEs servicing the 2 680 A are accustomed to 
dealing with data processing equipment, efforts were made 
to make the 26H0A look as "digital" as possible. Whenever 
feasible, the diagnostics locate a failed assembly or small set 
of assemblies and do not require the CE to interpret elec- 
trophotographic data. 

A second goal of the diagnostics is to reduce the number 
of special tools and tedious adjustments necessary to ser- 
vice the machine. Sensors included in the system for relia- 
bility reasons are used by firmware routines to perform 
calibrations and adjustments. Procedures that require use of 
electrostatic potential, development density, and laser 
beam power measurements are automated by firmware 
using built-in sensors, eliminating the need for special 
measurement tools. 

A third goal is customer satisfaction. The data processing 
environment puts some special demands on an elec- 
trophotographic device. Typically in the use of a copier, an 
operator is standing close to the machine when it is print- 
ing. If print quality degrades, the problem will be detected 
almost immediately. The data processing environment, 
however, is characterized by long periods of unattended 
operation. Also, the user who is most concerned with the 
quality of the print may not actually receive the output until 
long after it is printed. Therefore the printer must be capa- 
ble of detecting degradations in quality before they become 
noticeable, 

A fourth goal, related to the previous one. is that the 



diagnostics should facilitate detection of slowly degrading 
parts. Since a large part of the cost of servicing a product is 
in travel to the customer's site, it is helpful if the unit can 
tell a CE on site what is about to fail so that it can be 
replaced, saving a separate trip to the site. On the 2680A. 
data relating to drum potentials and development mea- 
surements appears on the diagnostic printout. This data can 
provide early clues to degradation of the drum or the de- 
veloper mixture. 

Finally, the diagnostics provide tools that were used by 
the product development team to speed the development of 
the product. Many ol the important operating parameters of 
the machine were stored in nonvolatile random-access 
memory and could be changed by entering commands on 
the numerical keyboard. Thus the operation of the machine 
could be altered for experiments without having to repro- 
gram the ROM. As the hardware design solidified and the 
product neared production, many parameters were moved 
into ROM. 

These five goals led to a dual approach to diagnostics on 
the 2680A: a structured, on-line fault detection system and 
a set of flexible, off-line, interactive tools. 

The on-line fault detection system can detect and report 
124 different fault conditions. This system represents the 
largest portion of the diagnostics in the 2680A machine 
control system. Most of these diagnostics run continuously 
as the machine is printing. 

Besides adding cost, the addition of sensors and corre- 
sponding firmware in the implementation of a fault detec- 
tion system can potentially decrease the reliability of the 
overall system by increasing its complexity. To minimize 
this effect, the 2680A diagnostics take advantage of redun- 
dancies in sensing to provide checks on the sensors them- 
selves. 

For example, consider a failure of the primary corona 
power supply. The processor continuously monitors the 
current to the corona device and the voltage on the primary 
corona screen. A failure of the power supply first appears to 
the processor as irregular values for these measurements. 
The primary corona is used for conditioning the drum, that 
is. placing a uniform electrostatic potential on it. Therefore 
the measurement of drum potentials using the electrostatic 
monitor provides a redundant check on the corona diagnos- 
tics. A failure of the primary corona supply causes illegal 
drum potentials to be measured after some delay caused by 
the rotation of the drum. The electrostatic closed-loop sys- 
tem attempts to correct the potentials by adjusting the set- 
ting on the corona powersupply. Sincethe system is unable 
to correct the error and the potentials are such that poor 
print quality would result, the 2680A stops printing with 
the message, "Hardware Malfunction." A keyboard com- 
mand can be entered to display the fault message which 
identif ies the primary corona supply as the failed assembly. 
If a condition had occurred such that the primary corona 
current and voltage sensors detect a fault but the drum 
potentials remain in the acceptable range, the 2680A will 
not stop running and no message will appear. A service 
representative can enter a command on the numerical 
keyboard that causes warning messages to appear under 
these conditions. 
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Flexible Service Tools 

The other approach to diagnostics was to provide a set of 
flexible tools. By providing a basic set of capabilities that 
use the numerical keyboard and 20-character LED display, 
the firmware allows service personnel to deal with failure 
situations that were not anticipated when the diagnostics 
were designed- As more is learned about the servicing of the 
machine from field experience, service procedures can be 
changed for improved efficiency without altering firmware. 

The service keyboard functions are implemented using 
three-digit keystroke sequences. Access to some of the 
sequences is controlled by requiring the entry of an access 
code before certain command sequences will be recog- 
nized. The access code is not so much a security feature as a 
means for protecting the operator from inadvertently alter- 
ing the operation of the machine or even damaging it. 

One class of command sequences allows the display of 
machine parameters and measurements. Measurements 
made with the analog-to-digital converter can be viewed, as 
can running averages of certain measurements. The status 
of control loops can be displayed to show loop targets and 
controller settings. Counters that track the age of replace- 
able parts and the time since the last preventive mainte- 
nance can be viewed. Certain parameters stored in non- 
volatile memory can also be entered as data from the 
keyboard. 

Another type of command sequence can break control 
loops or disable certain sensors or diagnostics, Analysis of 
the electrostatic control loop is facilitated by the ability to 
break the loop and adjust corona settings. A failed sensor 
can sometimes be circumvented by disabling the diagnostic 
that uses the sensor, allowing printing to continue until the 
sensor can be replaced. 

Direct control of certain electrical and electromechanical 
devices in the 2fi80A can be obtained using the device 
on/off commands. Solenoids, motors, power supplies, and 
lamps can be turned on and off individually or in arbitrary 
combinations by using these commands. 

There is also another class of commands that provides 
miscellaneous tools or automated service procedures. For 
example, one command displays a log of fault messages that 
have occurred since the last service call: this can reveal 
intermittent problems. Another command automates the 
task of lubricating a newly installed pholoconductive drum 
with toner, prompting the service representative whenever 
intervention is necessary, 

One of the commands that can he entered by the operator 
is the self-test command. This command causes a printout 
that can be used for evaluating print quality and that re- 
cords various measurements and parameters. The self-test 
diagnostic philosophy on the 2680A is somewhat different 
from that of other I IP printers. Theself-test on other printers 
is a collection of diagnostics which are run only when 
self-test is invoked. As mentioned above, the fault-de- 
tection programs on the 2h80A run whenever the machine 
is printing. Therefore, self-test invokes very few tests that 
don't run when normal jobs are printing. 

Altogether the 2080A provides 190 keyboard commands: 
84 display commands, 16 modify commands, 14 disable; 
enable commands. 48 device on/off commands, and 28 mis- 
cellaneous tools, 
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Solid-State Microwave Signal Generators 
for Today's Exacting Requirements 

These manually tuned instruments match the extraordinary 
spectral purity of widely used HP klystron generators and 
beat them in modulation capability and accuracy. 

by Donald R. Chambers and Steven N. Sanders 



FOR MORE THAN TWO DECADES the familiar HP 
microwave klystron signal generators (t51HA'B/C, 
620A/B. G26A. 628A) have been de facto industry 
standards for critical microwave testing. Because their per- 
formance was consistent, users considered them standards 
even though some characteristics essential to the tests at 
hand were incompletely specified. Now HP has introduced 
four new solid-state cavity-tuned signal generators that 
have increased capability and the performance required by 
today's systems while retaining the characteristics of the 
klystron signal generators so highly valued by customers. 
Model 8G83A/B (Fig. 1 ) covers the 2.3-to-(i.5-r>Hz frequency 
range and Model 8684A7B (Fig. 2) covers 5.4 to 12.5 GHz. 
The A models are tailored for the communications industry 
while the B models have high-performance pulse modula- 
tion for radar and other applications. 

Objectives 

The major goal of the generator development program 
was to match the extraordinary spectral purity ol the old 
klystron generators. It was also desired to incorporate 
high-quality pulse performance to meet modern radar test 
requirements, along with AM and wideband FM capability 
for today's communications industry. It was considered 
mandatory to achieve better than the current performance 
in settability and accuracy of output power level and fre- 
quency, and it was desired to cover broader bandwidths 
than older instruments by covering 2.3 GHz to 12.5 CIlz 
with two instruments instead of three to provide a cost 
advantage to the customer. Selt-tesl was to be included in 
the instrument to allow efficient use by less skilled 
operators. Portability and improved drift characteristics 
were other desired attributes. 
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Fig. 1. Model 8683A Signal Generator is a manually tuned 
microwave signal generator tor the 2 3-to-6.5-GHz frequency 
range It features excellent spectral purity, settability, and 
accuracy, and has AM and FM capabilities. Model 8683S 
offers all these capabilities plus pulse modulation 



The requirement for a CIV source free of nonh.iniimiU 
spurious or subharmonic content and with low sideband 
noise and drift calls for a fundamental oscillator. At mi- 
crowave frequencies, best performance is obtained from 
cavities operating in the quarter-wave tuning mode. How- 
ever, with the desired bandwidths greater than an octave, it 
is necessary to ensure that three-quarter- wavelength modes 
are not excited. To obtain the desired bandwidths. the 
86B3A/B and BfiB4A B oscillator assemblies each consist ol 
two oscillators operating in the same cavity, one lor the 
high-frequency portion ol the band and one lor thp low- 
frequency portion. The details of these novel designs are 
given in the article on page 20. 

For enhanced level accuracy, some method is needed lor 
compensating for errors that occur outside ol the level con- 
trol loop. By making a microprocessor part of the ALC 
(automatic level control) system and storing a calibration 
unique to each instrument, the desired accuracies are ob- 
tained. 

System Organization 

The major features of the instrument configuration are 
shown in the simplified block diagram of Fig. 3. A straight- 
through microwave chain is augmented by control and 
modulation systems. 

The microwave chain consists of the cavity oscillator, the 
amplifiers, the ALC modulator, the output step attenuator, 
and for the B models, the pulse modulators. While the 
oscillators deliver significant amounts of power — on the 
order of +5 to +15 dBm— other parts of the microwave 
chain have significant losses at microwave frequencies 
which must be offset by amplification, To ensure that the 
noise performance is not degraded, the necessary amplifi- 
cation is distributed so there is always a net forward gain in 
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Fig. 2. Mode' 8684B Signal Generator covers the 5 4-to- 
12 5-GHz range Model 8684A is the same generator without 
pulse modulation 
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Microorcutl Assembly 




the microwave signal path. A proprietary HP FET and thin- 
film technology allow the two amplifiers and the ALC 
modulatorshown in the block diagram to be included in the 
same package for a substantial economic advantage. 

The ALC modulator and associated control circuitry pro- 
vide the means for controlling the instruments output level 
according to the settings of the front-panel 25-dB vernier 
and the 10-dB/step manual step attenuator. The ALC mod- 
ulator also serves to impose amplitude modulation on the 
microwave signal. To cover all operating conditions, the 
modulator has 70 dB of attenuation range. 

A low-pass filter in the same package as the ALC mod- 
ulator and associated amplifiers attenuates second har- 
monics. For output frequencies near the lower band edges 
the cutoff frequency of the filter is near the midband fre- 
quency so the filter suppresses the second harmonic. For 
OUtpUt frequencies in the upper half of the instrument's 
range, the cutoff frequency of the filter is switched to a 
higher out-ot-band frequency. 

For the best possible pulse performance, the pulse mod- 
ulator comes after the final amplification to avoid distor- 
tions caused by amplifier ringing or saturation. Including 
the pulse modulator inside the level control loop provides 
significant benefits to the user. Dynamic leveling on indi- 
vidual pulses is achieved, and the effects of temperature 
drift are compensated for. allowing calibrated operation 
over the wide temperature extremes typically experienced 
by portable instruments. The ALC system operates over a 
wide range of conditions, as discussed in the article on 
page 26. 

The block diagram also shows the main control channels 
in the 8683A/B and 8684A/B. A 6802 microprocessor is the 
interface between the operator input, the display, and the 
controlled functions. Except for the mechanical couplings 
to the cavity oscillator and the manual step attenuator, all 
other control functions act through the microprocessor/ 
controller. 

As indicated in the block diagram, the frequency of the 
oscillator is sensed by the controller through the position of 
a ten-turn variable resistor connected to the oscillator tun- 
ing shaft. The individual voltage-to-frequency characteris- 



tic of each oscillator is determined at final test and stored in 
EPROM so that each instrument's displayed frequency is 
characterized individually to better than 1% accuracy. 

All ALC functions are coordinated by the controller. To 
maintain a sufficiently high signal-to-noise ratio in the mi- 
crowave level sensing circuit, it is necessary to monitor the 



Automatic Testing of Manually 
Tuned Signal Generators 

Auiomatic production testing ot 8683A/B and 8684A/B Mi- 
crowave Signal Generators is done by a desktop computer- 
controlled test system The front-panel frequency and power 
range controls ol the unit under test are set by step motors 
Front-panel buttons, displays, and other Iront-panel tunctions are 
manipulated through a serial interlace similar to RS-232-C be- 
tween the system controller and the internal microprocessor The 
test system measures twenty different parameters as functions of 
frequency These parameters include level accuracy, phase 
noise, pulse on-oft ratio, frequency display accuracy, residual AM 
and FM, and several AM and FM characteristics 

-James Thalmann 




Fig. 1 . Step motors adjust Iront-panel knobs lor production 
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power before the step attenuator. Thus the attentuator and 
other microwave components between the coupler/detector 
and the front panel are outside of the level control loop. 

Since the controller knows the frequency and the step 
attenuator setting, the internal microwave power level is 
adjusted to obtain a fixed output level as the frequency is 
changed. Power level variations caused by the microwave 
coupler, detector, cables, and attenuator are corrected by 
the firmware controlling the ALC loop approximately six 
times persecond. reducing flatness errors from about ±2 dB 
to less than ±0.-1 dH. The vernier level control is superim- 
posed on this control loop by adding in fixed offsets as 
determined by the position of the vernier control. 

Constant-percentage amplitude modulation is obtained 
by applying the AM to a fixed 30-MHz reference oscillator 
and using the ALC loop to force the microwave output 
amplitude to follow linearly. 

When pulse mode is initiated (on the 13 models only) the 
internal pulse generator output is applied to the pulse 
modulator, driving it from the full off condition to the full 
on condition. In the other modes the pulse modulator is 
held in the minimum-attenuation condition. To provide 
leveling on a pulse-to-pulse basis, the ALC uses a sample- 
antl-hold circuit with a bandwidth greater than 30 MHz to 
handle the l()0-ns pulse widths and rise times less than 10 
ns. Simultaneous amplitude and pulse modulation is pos- 
sible, and since FM is introduced at the oscillator, any 
combination of modulations may be selected simultane- 
ously. 

Friendly Firmware Diagnoses Problems 

Extensive, easy-to-use diagnostics are designed into the 
8683A/B and 8684A/B, Approximately half of the firmware 
is dedicated to diagnostics. 

Twenty-nine critical analog voltages are routed in special 
shielded layers of the instrument's multilayer motherboard. 
The microprocessor selects these voltages and performs an 
analog-to-digital conversion for diagnosing and controlling 
the instrument. Most of these voltages are used only for 
diagnosis. 

When the instrument is first turned on. the following 
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tests are performed: 

1. RAM is checked. 

2. ROM checksums are calculated. 

3. Front-panel communication circuits are checked. 

4. All necessary tables are checked for existence. 

5. A DAC (digital-to-analog converter) self-test is per- 
formed. 

6. Eight power supply voltages are checked against limits. 

7. Four critical ALC loop voltages are checked against 
limits. 

8. Three frequency calibration potentiometer voltages are 
checked against limits. 

All errors found by these tests are displayed on the front 
panel during power-up. During five of the tests the micro- 
processor assumes that the front panel is broken and no 
communication is possible, so it also blinks a front-panel 
decimal point to indicate these errors (it has direct control 
of this decimal point). 

User convenience was a major guideline during the de- 
sign. The user can switch the instrument into a diagnostic 
mode and select any of 38 diagnostics by pressing front- 
panel keys. Printed on the inside top cover of the instru- 
ment is a block diagram of the instrument and a table that 
tells what each diagnostic does. The results are displayed in 
the FREQUENCY digits of the display. Through a serial inter- 
face, the user may connect an HP 2600-Series terminal, 
which allows a more friendly, optional mode of diagnosis. 
For example, a summary test displays on the terminal's 
screen the results shown in Fig. 4. These voltages are up- 
dated in real-time on the terminal. 

If test voltages are outside prescribed limits, the user is 
notified of the error. In Fig. 4, for example. -30V is out of 
specification and is underlined on the display. 

Some of the diagnosis involves more than limit testing. 
For instance. 44 flip-flops are tested using passive resistor 
packages. Thirty-two of these flip-flops connect to a com- 
mon analog voltage node which is measured by the micro- 
processor as shown in Fig. 5. The microprocessor first sets 
all the flip-flops to zeros and measures the common-node 
"ladder" voltage (V (ow ). Q 0 's low-to-high voltage change is 
measured by setting only its output to one and remeasuring 
the ladder voltage (V high ). The microprocessor calculates 
Qo's voltage change as 32 x(V high -V, ow ). 

Each TTL flip-flop's voltage change should range be- 
tween 2.0 and 5.25 volts. This process is continued for each 
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Fig. 4. The user can select any ol 38 diagnostics by means of 

the front-panel keys This test displays a summary of 8683A B Fig. 5. Method used to diagnose flip-flop packages using 

or 8684MB voltages on a 2600-Series CRT Terminal. passive resistor packs. 
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5. FM metering calibration. 

6. Limits for diagnostic voltages. 

Reliability and economy are enhanced by storing these 
tables in one factory EFROM on the microprocessor board. 
There are two empty EPROM sockets to the right of the 
factory EPROM. The firmware searches for all tables from 
right to left, and will ultimately find the table in the factory 
EPROM socket. However, what happens if a calibrated part 
is replaced, for example an attenuator? In this case, the 
customer is shipped a new attenuator and a new EPROM 
with just the attenuator table in it. When this EPROM is 
installed in one of the empty sockets, the firmware finds the 
newly installed table first, thereby superseding the old ta- 
ble. All other tables are still found in the factory EPROM. 
Tables will not have to be consolidated in most cases. 

The 8683AB and 8684A/B Signal Generators use the 
same firmware, the only exception being their factory 
EPROM tables. 



Fig. 6. DAC self-test example To test bit 11 (MSB) 1) The 
DACissetto 10000000 0000 2) The sample-ana-hold circuit 
stores this as V nola 3) The DAC is set to 01 11 1111 1000. or 
eight bits {40 mV) less This is V samp i e . 4) It V^mo*. is less than 
V hold' °" ' ' ' s 311 r '9 nt - 

flip-flop, and if an error is found, the board number and IC 
number are displayed on the front-panel FREQUENCY dig- 
its. This method uses small reliable resistor packages that 
use little power to check complicated flip-flops. 

Anything that tests itself might diagnose incorrectly if 
part of the testing circuitry is faulty. The microprocessor 
uses the instrument's DAC extensively for diagnosing and 
controlling the instrument. If the DAC is not working cor- 
rectly, many false errors may result. Consequently, the DAC 
is self-tested. The DAC self-test uses a samplo-and-hold 
circuit to store the analog voltage of one DAC setting and 
then compares that voltage against a different DAC setting, 
as shown in Fig. 6. Thus the bits check each other. Hits may 
be connected to ground, to +5 volts, or to each other andthe 
errors will be detected. If all bits are dysfunctional, this will 
not be detected, but selecting another test. DAC sweep, will 
show this fault. The three least-significant bits of the 12-bit 
DAC are not tested because of uncertainties in amplifer 
voltage offsets. 

Operating Firmware 

The operating firmware is interpretive and table-driven. 
It is written in the FORTH language. FORTH's attributes 
reduced software development time and allowed powerful 
compiler constructs tailored for this application to be added 
to the language. The design philosophy dictated that any 
constant that might change be put into tables that can be 
changed by production engineers. The following is a list of 
tables that are individually generated for each instrument. 

1. Frequency calibration. 

2. ALC level setting. 

3. Losses from VSVVR and flatness effects of the ALC loop's 
directional coupler, microwave cables, connectors, the 
detector diode, and the output step attenuator. This table 
is a two-dimensional matrix. 

4. Frequency flatness for an external RC-2 14 coaxial cable. 
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Some tables have preambles which define how to use the 
data in the table. For instance, the attenuator table has in its 
preamble the starting frequency for the first table entry, the 
frequency spacing between the data points, a resolution 
weighting factor, the production date, and other data. Pro- 
duction engineers can modify this table to add more data 
points across the frequency band, creating a finer correction 
curve. Thus, they can enhance the flatness as their expertise 
in building the generators increases. Many more cases exist 
where production engineers simply modify a table to 
change a resolution, a range, a gain, an offset, a breakpoint, 
the effects of pressing front-panel keys, and other functions. 

The factory EPROM for the instrument is programmed on 
a test'calibration system designed especially for the 
8683A/B and 8B84A/B Signal Generators. The test/ 
calibration system measures the errors of the ALC system 
mentioned above along with other frequency-dependent 
errors and programs the EPROM with this unique instru- 



ment data. This efficient, automatic process ensures cor- 
rectness of the data and allows production to specify tin: 
control of the table-driven interpretive firmware. 
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High-Performance Wideband 
Cavity-Tuned Solid-State Oscillators 

by Edward G. Cristal, Arthur N. Woo, Phillip G. Foster, and Ronald F. Stiglich 



AT THE HEART OP THE 8683A/B and H684A/B Sig- 
nal Generators are the cavity-tuned microwave os- 
cillators. Why did we choose cavity-tuned oscil- 
lators when alternate electronically tunable designs were 
possible? The answers are spectral purity, frequency stabil- 
ity and economy. Varactor tuning was considered, but mi- 
crowave varactor Qs are not high enough to meet the strict 
spectral purity requirements, and varactors have insuffi- 
cient tuning range. Also, being voltage tunable, varactors 
are susceptible to noise superimposed on the tuning volt- 
age, which would degrade the signal purity. YIG-tuned 
resonators were also considered. YIGs have high Q and 
good selectivity and are capable of multi-octave tuning. 
Unfortunately, like varactor-tuned circuits, YIG-tuned res- 
onators are very sensitive to electrical noise on the tuning 
current and are quite temperature sensitive. 

The two signal generators must tune over frequency 
ranges of approximately 2.8:1. Such wide microwave 
bandwidths eliminated the possibility of using TE or TM 
waveguide cavities, since these would have had higher- 
order modes in the bands of interest. Consequently, we 
decided to use a quarter-wavelength TEM cavity for the 
8684A B oscillator, and a loaded quarter-wavelength TEM 
cavity for the wide-bandwidth 8683A/B oscillator. The TEM 
cavity exhibits moderately high Q, hence good selectivity, 
and spurious-free resonances over a 3:1 bandwith. The di- 
mensions of the TEM cavities overthe2.3-to-12.5-GHzband 



are reasonable from a manufacturing point of view, and can 
be optimized with respect to cavity Q and higher-order 
mode suppression. 

To achieve the frequency range for the 8H84A B we chose 
medium-power HP GaAs Schottky-barrier FETs lor the ac- 
tive devices. These FETs have 1 xSOu-jum gate geometries, a 
typical g m of 45 mS and a minimum l max of 35 GHz. For the 
8683A/B it was possible to use bipolar transistors, which 
have better noise properties than GaAs FETs. The bipolar 
transistor used in the 8683 A B has l-^im geometry and is 
especiaJly developed for low phase noise. 

Oscillator Circuit 

The oscillator circuit selected for the B684A B Signal 
Generator is theColpitts configuration shown in Fig. 1. The 
8683A'B circuit is the same except thai a bipolar transistor 
is used instead of a GaAs FET and the bias network is 
different. In Fig. 1. feedback is provided by the capacitive 
divider made up of the internal gate-source capacitor and 
the hybrid (internal - external) source-drain capacitor. The 
cavity resonator, which is used both as a selective circuit 
and as a matching network, attenuates the harmonic con- 
tent of the output signal. 

All the elements within the shaded area are mounted on a 
sapphire substrate. The capacitive coupling element is ar- 
ranged parallel to the tuning rod. The coupling of the mi- 
crocircuit to the cavity is adjusted by changing the pene- 
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Fig. 1. Schematic diagram of the basic 8684AIB oscillator 
The 8683A/B oscillator is similar except that a bipolar transis- 
tor is used and the bias network is different For clarity, only 
one of the two FIF microcircuits is shown and no FM microcir- 
cuits are shown (there are two in the 8684 A/B and three in 
the 8683AIB) 

tration of the substrate into the cavity. Similarly, the cou- 
pling ol the load to the cavity is easily changed by adjusting 
the location of the coupling loop. The induclance L. which 
is in parallel with the feedback capacitor Cp, imposes a 
low-frequency limitation on the oscillator. On the Other 
hand, at high frequencies the inductance L could cause 
additional resonances and spurious oscillations. However, 
it is possible to build inductors that give broad bandwidth 
without parasitic resonances in the band of interest. 

An innovation in this oscillator design that permitted 
greater bandwidth than is generally achievable with a 
quarter-wavelength cavity was to distribute tWO active cir- 
cuits along the length of the cavity. Each active circuit is 
optimized for approximately one-half the total oscillator 
bandwidth. In this way cavity coupling to one or more 
active devices is maintained over the entire frequency band. 
The same concept was applied to the FM microcircuits, 
thereby yielding broadband I'M capability as well. Oscil- 
lator power and stability can also be increased by distribut- 
ing active circuits azimuthally around the cavity. However, 
this was not necessary in this application. The circuits are 
mounted on different azimuths, but only to separate them 
mechanically. 

Poor grounding of the sliding center conductor of the 
coaxial line at the bottom of the cavity can cause erratic 
tuning. For this reason, we developed a broadband noncon- 
tacting choke instead of a simpler but less reliable spring 
contact system. The choke shown in Fig. 1 consists of low- 
impedance and h igh-i m pedance sections. The choke serves 
to terminate the cavity with a very low impedance, thereby 
limiting the cavity resonator length to one-quarter 
wavelength. The mechanical requirements lor I he choke are 
severe, calling lor low microphonics, controlled thermal 



expansion, and long life. 

Frequency Modulation 

A typical FM microcircuit is shown schematically in Fig. 
2. Two back-to-back varactor diodes mounted on a sapphire 
substrate are capacitively coupled to the cavity by a cou- 
pling element similar to that used for the active circuits. 
This provides the decreasing capacitance required to obtain 
flat deviation over the bandwidths of the oscillators. The 
purpose of the back-to-back series diode configuration is to 
reduce the generation of harmonics by the varactors. The 
8684A B oscillator uses two FM microcircuits. while the 
8683A B oscillator uses three because of its greater 
bandwidth. Both of the 8684A>'B's microcircuits and two of 
the 8683A/B*s microcircuits are distributed along the length 
of the cavity. The third FM microcircuit of the 8683AB is 
coupled to the center conductor of the cavity resonator at 
the end of the cavity. 

Performance Data 

Fig. 3 shows output power as a function of frequency 
from typical stand-alone oscillators. The minimum power 
outputs for the 86H3A/B and 8684A/B are 2 and 9 dBm. 
respectively. The entire frequency band can be covered in 
20 turns of the front-panel frequency knob in the fast mode, 
or 200 turns in the fine mode. Frequency settability is typi- 
cally <0.005%. 

The intrinsic FM flatness for both oscillators is about 
±10% over most of the bands. However, accuracy of the 
front-panel F.V1 display is improved to *5% by using the 
microprocessor to correct systematic errors. Minimum 
peak-to-peak FM deviation in both instruments is 10 MHz. 
The maximum rate is also 10 MHz. 

Single-sideband phase noise is one of the most important 
parameters for a high-performance oscillator. Fig. 4 shows 
smoothed SSB phase noise data for typical 8683A/B and 
8684A/B oscillators in a 1-Hz bandwidth offset 10 kHz from 
the carrier. SSB phase noise tor the 86H4A/B is typically less 
than -80 dBc over most of the band, falling to -75 dBc at 
the high-frequency end. The SSB phase noise of the 
8683A/B is generally much better— less than -87 dBc over 
the entire band. 

Mechanical Design 

HP's first microwave signal generator was introduced 
over twenty years ago and is still going strong. This is a rare 




Fig. 2. FM microcircuit. 
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Fig. 3. Typical power output ol (a) 8683AB and (b) 8684A/B oscillators 



occurrence in the fast-moving electronics industry. A look 
at the average product lifetime of these generators makes it 
evident that a proposed replacement must have excellent 
reliability. Therefore, this was the first requirement for the 
mechanical tuning mechanism for the cavity-tuned oscil- 
lators in the 8683A/B and 8H84A/B Signal Generators. We 
al.su wanted a cost-effective, durable mechanism that could 
provide a link between the front panel and the oscillator, 
giving users the frequency resolution they require. Since 
there is no scheme for counting (he microwave frequency 
within the instrument, the drive mechanism has to provide 
the position accuracy needed for an open-loop frequency- 
determination system. The drive also plays a key role in a 
thermal compensation design that provides the oscillator 
with excellent frequency stability over the operating tem- 
perature range. 



Substrate Mounting 

One of the most delicate aspects of the oscillator design 
was mounting the sapphire substrates. A scheme was de- 
veloped that allows these substrates to be positioned within 
the cavity so that assembly is not too time-consuming, but 
achieves the needed accuracy in positioning these devices 
relative to the tuning rod. This scheme is shown in Fig. 5. 
The edge of the substrate is seen in the picture. Attached to 
the left end is the antenna that couples lo the tuning rod. 
The side containing all the circuitry faces down and rests on 
two rails. A spring-loaded clip secures the substrate against 
the rails and another clip compresses the springs to a pre- 
determined height and secures the entire assembly. The 
left-hand spring applies a greater load to facilitate thermal 
expansion of the right end in an effort to minimize antenna 
movement relative to the tuning rod. 



-76 -r 




(a) 



4 5 
Frequency (GHz) 



-60.0-r 



-70.0 + 



@ 



i 

o -80.0 
z 

8 

a 
.c 
a 

-90.0 




(b) 



—t 1 1 1 1 1— 

5.0 6.0 7.0 8.0 9.0 10.0 11.0 

Frequency (GHz) 



12.0 13.0 



Fig. 4. Typical single-sideband phase noise in a 1-Hz bandwidth at 10-kHz offset trow the 
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Fig. 5. Spring mounting scheme allows the oscillator sub- 
strate to De positioned within the cavity with the required 
accuracy m a reasonable time 

Precision Frequency Control 

Shown in Fig. 6 is a section view of the oscillator and the 
drive mechanism. The position of the tuning rod deter- 
mines the microwave frequency of the oscillator. Since the 
frequency range of the oscillator is measured in GHz and the 
desired settability is finer than 100 kHz. the incremental 
accuracy needed in positioning the tuning rod is very, very 
high. This places a great demand on the bearings support- 
ing the tuning rod. Ideally, one would want to support the 
liming rod on both ends and somewhere near the middle. 
However, the cavity is electrically very sensitive lo any- 
thing with a dielectric constant greater than that of air, 
making tuning rod support within the cavity impossible. 
Behind the cavity is the choke network. The choke is also 
very sensitive to lossy material. This presented a difficult 
materials selection problem, that is, to find a hearing male- 



Output Coupling 
Loop 



.Sealing 
Bellows 



rial that would provide the needed mechanical integrity but 
not interfere with the low-impedance termination. We 
chose to use a 20% Tef lon™ impregnated acetal resin that 
exhibits excellent frictional characteristics and has a low 
microwave-frequency dielectric constant. We found it was 
still necessary to minimize the amount of material used in 
each bearing. This resulted in a slotted bearing design that 
holds the tuning rod over a wide temperature range with 
imperceptible changes in position. Extensive life cycling 
has demonstrated that the oscillator will retain its repeata- 
bility after long use. 

The input shaft of the tuning rod drive extends out to the 
front-panel tuning knob. The other end is coupled to a 
two-speed transmission that allows the user to change gear- 
ing for either coarse or fine tuning. This is done by simply 
pushing or pulling on the input shaft, engaging the appro- 
priate gears. The output shaft is connected to a flexible 
coupling bellows that is secured to the leadscrew. As the 
user adjusts the oscillator frequency the output shaft turns 
the coupling bellows, which rotates the leadscrew, which 
advances or retracts the tuning rod. changing the fre- 
quency. 

A very linear, accurate potentiometer attached to the 
other end of the output shaft senses leadscrew position. For 
any position of the tuning rod within the cavity there is a 
corresponding potentiometer output voltage. The micro- 
processor senses this voltage and correlates it with fre- 
quency, which is displayed on the front panel. Since fre- 
quency is not counted, the potentiometer is responsible for 
sensing the tuning rod position so that frequency can be 
inferred. Any sloppiness between the tuning rod and the 
potentiometer degrades the display accuracy. To minimize 
these inaccuracies, the flexible coupling bellows is de- 
signed with imperceptible windup. The oscillator sealing 
bellows and internal spring provide loading on the 
leadscrew to help eliminate backlash, the leadscrew is ac- 
curately ground to minimize total composite lead error, and 
the leadscrew nut is fitted to the screw to eliminate radial 
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Assembly 
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Fig. 6. Section view ol the cavity and drive system. 
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dc-Coupled FM for 
Microwave Signal Generators 



Fig. 1 shows how dc-coupled FM is provided In the 8683A/B 
and 8684A/B Signal Generators. The froni-panel input signal is 
applied at the input ot a resistive network whose gam changes 
with temperature. The temperature-compensating block then 
leeds emitter- follower Ola, which drives the lelt signal string ol 
shaping diodes. With a low input impedance at 02a's emitter, the 
linear FM input voltage is applied across the diodes Common- 
base amplifier Q2a diverts the resulting exponential current into 
load resistor Rl. The voltage across Ri is amplified and passed 
to the varactors, which couple the FM signal into the tuning 
cavity ot the microwave oscillator (see page 21). 

The right string ol diodes acts principally as a bias circuit for the 
left stung of signal diodes. V Cl draws approximately one milliam- 
pere through Gib, the right string of diodes, diode-connected 
02b. and resistor R,., Assuming both sides of the circuit are 
balanced. Ihe resulting voltage at Q2b s base causes one mil- 
liampere to flow through the signal siring of diodes As the am- 
bient temperature around the diodes changes, the current in the 
right string of diodes remains conslant Thus the voltage across 
the diodes lends to change according to the characteristic diode 
equation 

This changing voltage is coupled to the base of Q2a, thereby 
stabilizing the quiescent current in the signal diodes. On the 
printed circuit board, the signal and bias diodes alternate, 
thereby minimizing the ellects ot temperature gradients on the 
board In addition, the temperature-sensitive resistor in the gain 
block is mounted close to ihe diodes, allowing il to compensate 
tor the signal diodes' changing incremental resistance with 
temperature 

The rest of the FM subsystem consists of a video amplifier and 
metering circuitry The video amplifier, which is dc-coupled to 
preserve the dc component of the shaped signal, has two 
bandwidth-reduction circuits to reduce any phase noise contribu- 
tions from the FM board when the instrument is not in the FM 
mode One circuit reduces the bandwidth of the feedback loop 
and the other introduces a low-pass circuit on the output of the 
video amplifier When FM is selected on the front panel, the 
amplifier bandwidth extends beyond 35 MHz, thereby allowing for 
the significant harmonics ot the exponentially shaped signal 

The metering scheme features a peak-reading voltmeter that 
measures the modulation voltage from the FM vernier control on 
the tront panel Upon command from the microprocessor, the 
positive and negative peak voltages of the input signal are mea- 



play. This helps to minimize any offset loading of the seal- 
ing bellows, eliminating moments that could cause the 
tuning rod to wander within the cavity. 

A cast aluminum housing encloses the transmission and 
serves as a mount for the oscillator. This housing is secured 
within the instrument by eight shock mounts that isolate 
the oscillator from vibrations. This is necessary because the 
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sured. The peak voltage is read over a sample time interval 
determined by the cycle time of the instrument's firmware Once 
read, the microprocessor uses an EPROM table of varactor sen- 
sitivity versus microwave frequency to compute the FM deviation 
The display shows a peak deviation calculated as one-halt Ihe 
peak-to-peak deviation Since the positive and negative peak 
detectors are dc-coupled Ihe true positive and negative peaks 
are read. Thus tne modulation scheme is related to tne actual 
peak voltage and not calibrated to sine waves 




Fig. 1 . Frequency modulation input circuit ot the 8683 A/B and 
8684MB Signal Generators 

A rear-panel phase-lock input is routed through a resistive 
attenuator into bias transistor Q2b The resistive divider provides 
an overall sensitivity ol 5 MHz/V and an input impedance over 1 
Mi Since the FM video amplifier operates at reduced bandwidih 
when the FM is off, wideband phase locking occurs only when the 
FM is on 

-James Thalmann 



tuning rod is a resonant, cantilevered beam, so any move- 
ment of the rod results in a frequency change. Since 
mechanical vibrations coupled to the tuning rod result in 
frequency changes at the rate of the vibration, this would 
appear as unwanted frequency modulation or residual FM. 
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Hermetic Environment 

The circuits must be protected from moisture and con- 
tamination. The cavity side of the base plate is sealed from 
the environment by an O-ring seal under the cover flange. 
On the other side of the base plate is a hermetic metal 
bellows assembly, which provides a flexible seal for trans- 
ferring the leadscrew motion to the tuning rod- The oscil- 
lator is evacuated and then backfilled with dry nitrogen. 
The final seal is made by tightening the bellows assembly 
against an O-ring in the base plate. 

Temperature Compensation 

A desirable feature in most electronic equipment is that 
performance be flat or constant with temperature. One 
specification that we actively sought was that the oscillator 
frequency not van,' with temperature. Since the frequency at 
which the oscillator resonates is a function of how far the 
tuning rod projects beyond the cavity floor, any change in 
this distance results in a frequency shift. This distance may 
be changed by expansion or contraction ot (he tuning rod 
and cavity parts as a result of a temperature change. 

Referring to Fig. 6. notice that the thermal expansion path 
of the cavity is quite different from that of the tuning rod. 
The tuning rod path starts with the leadscrew assembly and 
includes the bellows, the tuning rod flange, and the tuning 
rod. The cavity thermal expansion path starts at the 
leadscrew assembly, continues with the aluminum drive 
casting and base plate, and ends with the lower cavity- 
pieces. The two paths are designed to minimize the change 
in apparent length of the tuning rod within the cavity over 
temperature, thereby maximizing frequency stability with 
temperature. 

The drive housing proved to be an effective variable in 
the above synthesis. Changes in the length and alloy of the 
housing helped to minimize frequency drift with tempera- 
ture. Isolating large expansion contributors and minimiz- 
ing their lengths and therefore their effects also proved 
useful. 

Precision Machining 

Many of the fabricated parts used in the oscillators are 
critical because they are integral parts of the microwave 
system, Excellenl surface finishes, sharp burr-lree corners 
and edges, and closely controlled fits are required to op- 
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limize their microwave perlormani:e. The parts used for 
positioning the tuning rod and accurately maintaining its 
concentric location within the choke sections have very 
tight tolerances. A key factor in Unsuccessful production of 
these parts was the early involvement of manufacturing 
engineering with the project team. The manufacturing en- 
gineers developed precision fabrication processes and de- 
termined what new machines would be necessary to pro- 
duce these parts. Metrology played an important role; ini- 
tial runs of parts were meticulously measured and the mea- 
surements recorded. By reviewing this data we were able to 
adjust tolerance limits for manufacturing prod nubility and 
still maintain interchangeability of these parts. This led to 
the development of many special gauges needed for pro- 
duction. Materials and alloys were selected to enhance 
machinability. consistent with microwave performance. 
Proper heat treating, stress relieving, and handling of these 
materials is as important as the machining processes in 
assuring a high yield of precise parts. 
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A Wide-Dynamic-Range Pulse Leveling 
Scheme 

by James F. Catlin 



THE AUTOMATIC LEVEL CONTROL (ALC) system 
in the 8683A/B and 8684A/B Signal Generators is 
noteworthy among microwave generators in two 
principal ways. First, a wide-dynamic-range level ver- 
nier provides the convenience of continuous power control 
over a range an order of magnitude greater than most 
microwave sources. As a result, the total operating power 
range of the instrument is broadened without the costly 
effort of developing a step attenuator with more than the 
standard 1 10 dB of control range. Second, by using a 
sampled feedback technique, pulsed microwave output 
level is maintained to within 0.5 dB of the CVV output under 
similar operating conditions. Severe duty cycles compli- 
cate this task significantly. In human terms, the worst- 
case specified pulse duty cycle is comparable to waiting 
a week lor a one-minute event to occur. Typical instruments 
achieve duty cycles comparable to a one-minute event 
occurring only once every two and one-half months! I 'nder 
similar duty cycle conditions for pulsed microwave out- 
put, it is apparent that synchronization, settling time and 
hold droop are key concerns in the design of the sampled 
ALC. 



Wide Dynamic Range 

A wide-dynamic-range level control is not immediately 
achievable in conventional ALC systems because of the 
limitations of the output level peak detector. This compo- 
nent is the most complex in its power level nonlinearities 
and the must critically affected by ambient temperature 
variations. Yet signal generators continue to rely on them 
for output level information because of their simplicity and 
low cost. It is well known that diode detectors exhibit a 
square-law response at low power levels and a linear re- 
sponse at high power levels, but there exists no sharp de- 
marcation between the two regions. For this reason, tradi- 
tional signal generators function at low detector power 
levels to be assured of consistent square-law operation and 
are restricted to the smallest dynamic range allowable to 
prevent detected outputs from vanishing into the system 
noise. (The output of the detector undergoes twice the 
dynamic range as the input because of the square law. I In 
addition, a logarithmic amplifier must follow the detector 
to provide a linearized correction signal. 

The 8683A B and HG84AB Signal Generators are not sub- 
ject to these same limitations, thanks to a novel loop design 
using two detectors instead of one. Referring to the ALC 
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Fig. 1. Simplified diagram ol the automatic level control loop of the B683B and 8684B Signal 
Generators The ALC loop in the A models does not contain the pulse modulation components 



loop block diagram. Fig. 1, the summing junction of the 
feedback system is the 20-dB differential amplifier. This 
summing point has a reference input and a feedback input 
like other ALC systems. However, in this configuration, 
both inputs are derived from detectors. The advantage is 
simple. If the detectors are similar in sensitivity and the d.C 
loop gain is sufficiently high, then under settled conditions 
the incident power to the detectors will be equal. This 
condition exists whether the detector is operating in the 
square-law region, the linear region, or even the uncharac- 
terized transition region between square and linear. This 
design allows the addition of an extra 35 dB of level control 
to the 1 10-dIt step attenuator to cover a total output range of 
145 dB, from - 130 dBm to +15 dBm. 

Another advantage of the two-detector system is its 
inherent temperature compensation. Any temperature fluc- 
tuations near the detectors will affect their sensitivity, but 
thermal coupling between the two detector packages in- 
sures that the effect is nearly equally shared. There is no 
need for elaborate thermistor compensation anywhere in 
the ALC circuitry. To maintain temperature tracking, the 
more thermally massive microwave detector contains a 
hole in its body thai completely surrounds the reference 
detector, which is mounted in a simple TO- 18 transistor 
case. Since neither device generates any heat, there is no 
significant thermal gradient between devices. 

There are, however, two consequences to the double- 
detector system. Most apparent is the need for an accurate 
power source to drive (he reference detector. The design 
and function ol litis power reference oscillator are de- 
scribed on page 2ti. The other consequence is the charac- 
teristic of the control loop to exhibit widely varying open- 
lonp gains as power level is changed, since lite detector 



diode is in the feedback loop. The ultimate danger here is 
the possibility of loop instability, but the effect is more 
commonly perceived as an inconsistency in AM perfor- 
mance, since open-loop gain dictates AM bandwidth. 

To address this problem, it is advantageous to identify 
which system components affect open-loop gain. Normally, 
any functional block in series in the control loop contrib- 
utes to open-loop gain in direct proportion to its own 
small-signal gain. For example, il the microwave amplifier 
fluctuates in gain by 10 dB across the frequency band of the 
instrument, so will the open-loop gain of the ALC system. 
Variations of output power from the microwave oscillator 
will similarly affect the total loop gain by changing the 
sensitivity of the modulator inside the ALC loop. 

Observing the unleveled output power, il is mil uncom- 
mon at these frequencies to see the effects of the microwave 
components as variations of 15 dB or more over the inslru- 
ment's operating band. The ALC loop gain can be made 
insensitive to these variations by Incorporating a modulator 
shaping scheme that produces an exponential control func- 
tion As the modulator then regulates power in opposition 
to these microwave variations lo produce a constant output 
level, it also changes its own small-signal gain proportion- 
ally (d exp(x).dx=exp(x)). thus maintaining a constanl loop 
gain as well. However, the exponential modulator is not 
without drawbacks. 

Like the ALC detector, the modulalor sensitizes the loop 

gain lo output power level in a one-to-one dB CorreS| - 

dence. The customary approach to this compound gain 
variation is to configure the ALC with a logarithmic 
amplifier directly following the detector. This was avoided 
because the log amplifier's rise time depends on signal 
level, and this would have compromised pulsu perlor- 

(conunued or\ imue 29\ 
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An Accurate RF Power 
Reference Oscillator 



An immediate consequence of the two-detector leveling sys- 
tem described in the accompanying article is the need for an RF 
power reference The reference is detected in the same manner 
as the microwave output signal and the ALC loop forces Ihe signal 
generator's output level to mimic the power reference. Amplitude 
modulation of Ihe microwave source can be accomplished simply 
by modulating this same power reference. Provided that the ALC 
system has enough bandwidth and dynamic range, the generator 
will exhibit the same rate and depth of AM as the modulated power 
reference. 

The block diagram ol the power reference oscillator is shown in 
Fig. 1 . At its heart is a free-running oscillator that operates at 30 
MHz. This frequency is far enough above the highest AM rates 
(-100 kHz) to be easily filtered out of the carrier after peak 
detection However it is not so high as to preclude Ihe design of 
simple and accurate RF power generating circuitry. The mod- 
ulator, peak detector and operational amplifier constitute a local 
leveling loop that regulates the RF level to hold the RF voltage 
proportional to the dc input at the inverting input of the operational 
amplifier. With the peak RF voltage levels after the modulator as 
high as 10 volts, the operating range of the peak detector can be 
assumed linear over a wide dynamic range. This signal is stepped 
down by the transformer to provide proper output levels up to +5 
dBm, which can be further attenuated with the - 1 0-dB attenuator 
The system microprocessor switches m the attenuator in all but 
the highest-power range of - 10 dBm to + 1 5 dBm. When the user 
switches trom the highest-power range to the next lower range the 
10-dB step comes from this attenuator and not the 1 10-dB output 
step attenuator. This helps achieve Ihe instrument s 145 dB of 



level control using only a 1 10-dB microwave step attenuator 

Control Signal 

The remainder of the circuit provides the control signal used m 
the local leveling loop as a reference for setting the peak RF 
voltage Since it is the RF voltage that is linearly controlled and not 
the RF power, amplitude modulation is a simple task o* summing 
the external AM signal with the dc reference after proper weight- 
ing. The summing amplifier shown near the external AM input 
combines a stable dc reference with the external AM signal in 
such a way as to allow a 100%/V influence on the summer's output 
by the AM signal. Since this voltage is proportional to the RF 
output voltage, a linear AM capability is achieved with the same 
external sensitivity of 100%/V 

The output of the summing amplifier is applied to the multiplying 
digital-to-analog converter (DAC) as a current reference The 
DAC output current, scaled linearly to the binary value of the 
digital ten-bit word from the microprocessor, goes to a current- 
to- voltage converter which drives a precision voltage divider One 
of the four taps chosen by the analog multiplexer from this divider 
continues on to become the RF voltage reference With twelve bits 
to control power level, ten al the DAC and two at the multiplexer, 
the microprocessor computes the proper digital words to ensure 
that the output power levels are consistent with the displayed 
levels The taps of the voltage divider provide 12-dB steps, while 
the DAC fills m the fine steps between taps. Tne fine resolution 
varies from 0.03 dB/bit to 0.008 dB/bit and appears continuous to 
the user. Since direct control of the output level is exercised by the 
microprocessor, corrections for variations in microwave compo- 
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Fig. 1 . Simplified diagram ol Ihe RF power reference circuit used in the 8683A B and 8684 A B 
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nenis such as tne attenuator, couple 1 , and detector are easily 
implemented by stonng them in ROM for :he microprocessor to 
use in ds computations 

Tne operational amplifier following trie analog multiplexer Duf- 
fers the multiplexer channel to avoid voltage-drop errors and 
shapes t^e .cltage to compensate for detector noniinearrttes at 
low power levels An offset adjustment here compensates fcr 
accumulated dc errors at the local leveling loop 

To display the AM depth percentage for the user the micro- 
processor periodically reads the voltages of the two peak detec- 
tors shown at the external AM input. By measuring both the 
positive and the negative peak voltages of the AM signal, the 
microprocessor can eliminate the effects of any applied dc com- 
ponent The displayed depth is computed from ine two peak 
voltages using the equation. 



%AM = V "-*x- W- x100 



To facilitate a fast-falling display of modulation depth, the micro- 
processor resets the large-time-constant peak detectors after 
every reading Hence, a sudden drop in AM signal level will be 
properly displayed after only two microprocessor instrument cy- 
cles instead of the nearly 30 seconds required for nonreset peak 
detectors. 

-James Catlm 



mance. Instead, a simple variable-gain element is incorpo- 
rated following the integrator. Its linear gain is an inverse 
exponential function of an applied control voltage. A suita- 
ble voltage to drive this gain element was easily found in 
the wiper voltage of the front-panel level vernier poten- 
tiometer, thus resolving the loop-gain variations. 

Leveled Pulse Power 

An interesting feature of the ALC system is the placement 
of the pulse modulator inside the control loop, Here varia- 
tions in the insertion loss of the modulator do not contribute 
to power level variations, allowing the pulse level lo be 
accurately maintained to within 0.5 dB of the similar CVV 
setting. When the microwave power is turned off by the 
pulse modulator, the feedback system is broken and a hold 
mode is enabled which maintains the last correct bias level 
in the ALC modulator until the next pulse arrives. II this 
were not done, the ALC would respond incorrectly by in- 
creasing the microwave level until the average of the detec- 
tor output became equal to the reference detector voltage. 
Instead, the sampling switch ensures thai the only portion 
of the signal processed by the system is the flat portion of 
the pulse waveform alter the rising edge has settled and 
before the falling edge begins. The relationships between 
the various pulse signals are shown in Fig. 2. Notice the 
accurate coincidence of the sampling switch drive pulse 
and the pulse replica from the 2f)-dB differential amplifier. 




Pulse Source 

Amplified Detector 
Replica 

Delayed Rising 
Edge 



Sampling Switch 
Drive 



-uW" 



Fig. 2. Timing relationships in pulse mode Letters corre- 
spond to labeled nodes in the circuit ol Fig 1 



In the pulse mode, the system integrator serves as the hold 
device with a larger-than-normal integrating capacitor 
switched into effect, while a series PET sampling switch 
ahead of the integrator breaks the feedback loop when the 
microwave power is off. 

With this sample-and-hold technique, the microwave 
pulse replica present at the sampling switch must have rise 
and tall times less than 20 ns to ensure enough sampling 
window to level a 100-ns-wide pulse accurately. Hence, the 
detector contains a small (3 pF) storage capacitor and is 
heavily loaded lo provide fast transitions. The 20-dB differ- 
ential amplifier has a video bandwidth of at least 40 MHz. 
yielding a rise time less than 10 ns. 

Although synchronous operation ol the sampling switch 
and pulse modulator is inherent because of the common 
pulse signal source, various time delays throughout the 
system must be equalized to ensure accurate sampling win- 
dow position. The delay shown before the sampling switch 
driver is a delay equalizer that predominantly affects only 
the rising edge of the pulse. While this delay component 
ensures that the rising edge ol the sampling waveform oc- 
curs after the replica's rising edge, the microwave path and 
the 20-dB amplifier provide enough natural system delay lo 
keep the falling edge of the sample pulse well ahead of that 
of the replica. The result is a sampling pulse that is centered 
on and narrower than the pulse replica from the detector. 

Finally, lo keep the offset current of the sampling switch 
from injecting small packets ol charge on every switching 
transition, an equal and opposite charge injection is ac- 
complished before the sampling switch with the capacitor 
shown in Fig. 1. To ensure that this capacitor and various 
parasitic capacitances between the sampling node and the 
sampler driver are discharged in advance of the pulse level 
information, a low impedance is connected after the differ- 
ential amplifier to maintain a low impedance before the 
sampling switch, This circuit is active only during pulse 
mode operation. 
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Microwave Solid-State Amplifiers and 
Modulators for Broadband Signal Generators 

by Kim Potter Kihlstrom 



The amplifier and modulator sections of the 8683A/B and 
8684A'B Microwave Signal Generators provide amplitude mod- 
ulation, pulse modulation, and level correcting capabilities as well 
as increased power output and isolation of the source from the 
load The sections consist of two assemblies. The first assembly 
contains one stage of amplification followed by a PIN-diode mod- 
ulator which provides the automatic level control (ALC) and 
amplitude modulation capabilities Next in this assembly are three 
more stages of amplification which increase power output and 
isolation between the oscillator and the load and then a low-pass 
harmonic filter The second assembly contains another PIN mod- 
ulator specially designed for pulse modulation (8683B and 8684B 
only) Each assembly is a separately packaged hybrid integrated 
microcircuit 




L 



Fig. 1. Gate sell-bias scheme. 

Circuit elements are typically Thin-film (Cr-Au) transmission 
lines of appropriate impedances and lengths However, some 
chip components are used 

One stage of amplification is placed between the ALC mod- 
ulator and the oscillator to provide about 25 dB of isolation to 
reduce frequency pulling during normal ALC operation as the 
modulator impedance changes The remaining three stages of 
amplification are placed after the ALC modulator to compensate 
for us loss and for the loss of the following pulse modulator The 
pulse modulator follows all amplification to avoid any amplifier 
nonlinearmes that might be introduced by high-speed switching. 

Six different microcircuit assemblies were designed for the four 
instruments. Different amplifier configurations are required lor the 



Bias Matching 




Fig. 2. Interstage coupling network 



8683A and B instruments and for the 8684A and B. Pulse mod- 
ulators are tailored to the specific requirements of the 8683B and 
8684B separately However, since the amplifiers are functionally 
similar, as are the pulse modulators, only the details of the 8684B 
components will be described here 




I I 

Fig. 3. Harmonic lilter equivalent circuit. 



Amplifiers 

The active devices used m the amplifiers are gallium arsenide 
Schottky-barner field-effect transistors (GaAs FETs) The device 
is an HP proprietary design tor medium-power, high-gam applica- 
tions. H is used in a common-source configuration with 6.5 voils 
dram bias and a self-biased gate circuit as modeled in Fig. 1 If the 
RC time constant is much greater than the period of the mi- 
crowave input signal, the capacitor will charge to the peak value 
of the input signal and provide the negative gate bias. This ar- 
rangement assures that Ihe gate bias is always as small as possi- 
ble for maximum stage gam 

The FETs are mounted on a gold-plated molybdenum pedestal 
to obtain good heat sinking and the gate and dram pads are 
bonded to adjacent substrates (see Fig. 6) The source pads are 
bonded directly to the pedestal 

Input, interstage, and output matching circuits were syn- 
thesized and optimized using computer-aided design 
techniques The interstage matching is designed to have a trans- 
mission response that increases with frequency to help compen- 
sate for the FETs decreasing gam-versus-frequency characteris- 
tic. However, the gain is allowed to retain a somewhat higher value 
at the low-frequency end of the band to provide a low-pass effect 
to attenuate the m-band harmonics of low-end signals. 

Stability at the low-frequency end of the band is ensured by 
usmg a resistive shunt network at the FET gates to reduce the 
circuit 0. As shown in Fig. 2. the resistor is connected through a 
transmission line and a blocking capacitor to ground The trans- 




Fig. 4. Basic modulator circuit 
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mission line is one-quarter wavelength long ai the hign-frequency 
end of the band en actively removng me effects of the resistor to 
obtain maximum gain where *t >s most critical This improves 
stability at the to*' end of the band without a sacrifice m perfor- 
mance at the nigh end 

To reduce harmonics furtner. a low-pass filer is included at the 
amplifier output To achieve optimum operation over tne wide 
oandwidths of these instruments the filter cutoff frequency rs 
switched from irvband to oul-ot-pand as the signal Irequency is 
increased A three-cole Cauer-Chebyschev design is used, as 
snown m Fig. 3. with the diode to switch the extra capactance m 
the leg to ground. The implementation uses transmission hnes as 
lumped-element approximations 

ALC and Pulse Modulators 

Tne basic designs of the ALC ana pulse modulators are similar 
each having four shunt-connected PIN diodes, as shown in Fig 4 

The modulators are on when the diodes are reverse-biased, in 
this condition, the diodes appear as small capacitors and the 
lengths of the interconnecting transmission lines are picked to 
match the capacitance for minimum insertion loss. The mod- 
ulators are off when ihe diodes are forward-biased and appear as 
resistors The dynamic range of the modulators is determined by 
the minimum forward resistance of the diodes 

The diodes are selected differently for the pulse modulator and 
the ALC modulator to optimize their respective functions. The 
pulse modulator diodes are selected for speed of response and 
low series resistance at forward bias to obtain maximum pulse rise 
limes and on'off ratios. The main characteristic of the ALC mod- 
ulator diodes is a smooth senes resistance as a function of bias 
current and a dynamic attenuation range of 70 dB 

A curve of typical on/Off ratio and a sampling oscilloscope 
picture of the microwave pulse output for the pulse modulator is 
shown in Fig. 5. 

The output of the pulse modulator is sent through a three-pole 
high-pass filter to minimize leedthrough of the video control sig- 
nals used to pulse the diodes 

Fig 6 shows the microcircuit layout of an ampiifier'ALC mod- 
ulator The modulator is al the center wilh the four diodes mounted 



on a earner that functions as the ground plane and the floor of the 
package Tne diodes are shunt-connected between a 50-onm 
gold mesh transmission line and the ground plane A cover over 
tne diodes and the mesh transmission line minimizes signal leak- 
age 




6 7 8 9 10 11 12 

Frequency (GHz) 

Fig. 5. Pulse modulator performance. Top Atypical 5 4-GHz 
microwave pulse as seen on a sampling oscilloscope Peak 
power = -WdBm Horizontal scale lOnsidiv Bottom Pulse 
on lot! ratio lor the 8684B 



First ALC Last Three Harmonic 

Coupler Stage Modulator Stages Filter 




Fig. 6. Ampliher/ALC modulator 
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